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ABSTRACT 



We present new hard X-ray spectra of three radio-loud AGNs of moderately high X-ray luminosity 
(L x « 10 45 erg s" 1 ; PKS 2349-01, 3C 323.1, and 4C 74.26) obtained with ASCA and BeppoSAX. The 
X-ray continua are described in all three cases with a power law model with photon indices T w 1.85, 
modified at low energies by absorption in excess of the Galactic, which appears to be due to neutral gas. 
At higher energies, an Fe Ka emission line is detected in PKS 2349-01 and 4C 74.26, and is tentatively 
detected in 3C 323.1. The equivalent widths of the lines are consistent, albeit within large uncertainties, 
with the values for radio-quiet AGN of comparable X-ray luminosity. The Fe Ka line is unresolved 
in 4C 74.26. In the case of PKS 2349-01, however, the inferred properties of the line depend on the 
model adopted for the continuum: if a simple power-law model is used, the line is resolved at more than 
99% confidence with a full width at half maximum corresponding to approximately 50,000 km s _1 and a 
rest-frame equivalent width of 230 ± 120 eV, but if a Compton "reflection" model is used the line is found 
to be a factor of 2 weaker, for an assumed full width at half maximum of 50,000 km s _1 . In 4C 74.26, 
a strong Compton "reflection" component is detected. Its strength suggests that the scattering medium 
subtends a solid angle of 2ir to the illuminating source. Overall, the spectral indices of these radio-loud 
quasars are remarkably similar to those of their radio-quiet counterparts. On the other hand, if the 
absorber is indeed neutral, as our results suggest, this would be consistent with the typical properties of 
radio-loud AGNs. 
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1. INTRODUCTION 



A major outstanding question in our ongoing efforts to 
understand the central engines of active galactic nuclei 
(AGNs) is the origin of the dichotomy between radio- 
loud and radio-quiet objects. Although both radio-loud 
and radio-quiet AGNs are thought to be powered by ac- 
cretion onto a supermassive black hole, it is not known 
why AGNs in the former class can produce collimated, 
relativistic radio jets, which power the giant radio lobes 
at large distances from their host galaxies, while AGNs 
in the latter class cannot (see Livio 1997, for a review). 
One possible explanation is that the central engines of the 
two classes of objects are the same, but systematic differ- 
ences in the properties of the host galaxies are the cause of 
the observed dichotomy (e.g., Blandford & Levinson 1995; 
Fabian & Rees 1995). Another possibility is that there 
is a systematic difference between the central engines of 
radio- loud and radio-quiet AGNs, which is intimately re- 
lated to their ability to form jets. Such a difference could 
be the size of the accretion disk (invoked in some wind 
models; e.g., Blandford & Payne 1982), the spin of the 
black hole (thought to be the ultimate power source of 
the jets; e.g., Blandford & Znajek 1977; Wilson & Colbert 
1995; Meier 1999), or the structure of the inner accretion 
disk (an ion torus or advection-dominated accretion flow, 
a.k.a. ADAF, which allows some of the accreting matter 
to form an outflow; e.g., Rees et al. 1982; Narayan & Yi 
1995; Blandford & Begelman 1999). 

X-ray observations are a means by which one can in- 



vestigate the last two of the above possibilities, since the 
X-rays are produced in the inner regions of the accretion 
flow. In particular, one can look for systematic differences 
in the X-ray spectral properties of radio-loud and radio- 
quiet AGNs that may indicate differences in the structure 
of the inner accretion disk or the spin of the central black 
hole. Thus we and other groups have been carrying out 
systematic studies of the X-ray properties of radio-loud 
AGNs using archival as well as proprietary ASCA and 
RXTE observations. These studies have confirmed previ- 
ously suspected systematic differences between radio-loud 
and radio-quiet AGNs (Zdziarski et al. 1995; Wozniak et 
al. 1998; Sambruna, Eracleous, & Mushotzky 1999; Era- 
cleous, Sambruna, & Mushotzky 2000). In particular, two 
spectral features that are the hallmarks of the X-ray spec- 
tra of Seyfert galaxies (e.g., Nandra & Pounds 1994; Nan- 
dra et al. 1997b): the fluorescent Fe Ka line at 6.4 keV and 
the Compton "reflection" hump at energies greater than 
10 keV, are considerably weaker in the spectra of broad- 
line radio galaxies (hereafter BLRGs; Zdziarski et al. 1995; 
Wozniak et al. 1998; Sambruna et al. 1999; Eracleous et 
al. 2000). The above observational results suggest that 
the structure of the inner accretion disk of BLRGs is dif- 
ferent from that of Seyfert galaxies, although the nature 
of this difference remains to be understood in detail. An- 
other potentially important trend is the X-ray Baldwin 
effect (Nandra et al. 1997c), according to which the Fe Ka 
lines of luminous quasars are systematically weaker (i.e., 
of lower equivalent width; hereafter EW) than those of 
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the lower-luminosity Seyfert galaxies. Because the sam- 
ple of objects studied by Nandra et al. (1997c) includes a 
mix of radio-loud and radio-quiet quasars (hereafter QSRs 
and QSOs, respectively), it is not yet clear whether and 
how such an effect applies to radio-loud and radio-quiet 
AGNs separately. Finally the immediate environment of 
the X-ray source appears to be different in radio-loud and 
radio quiet AGNs as evidenced by the properties of ab- 
sorbing material along the line of sight. More specifically, 
the signature of a "warm" (i.e., ionized) absorber, seems 
to be ubiquitous in Seyfert galaxies (e.g., Reynolds 1997; 
George et al. 1998) but rare in broad-line radio galaxies 
(Sambruna et al. 1999). Instead, radio- loud AGNs seem to 
display the signature of significant absorption by neutral 
matter in their X-ray spectra. 

Here we present the results of new observations of three 
intermediate-luminosity QSRs (3C 323.1, PKS 2349-01, 
4C 74.24; L x ~ 10 45 erg s" 1 ) with ASCA and BeppoSAX, 
which were carried out as part of our larger program. The 
targets were specifically selected to bridge the gap in lu- 
minosity between the nearby and well-studied BLRGs and 
the more luminous QSRs included in the sample of Nan- 
dra et al. (1997c). All three are associated with large, 
double-lobed radio sources (Antonucci 1985; Kellerman et 
al. 1994; Riley et al. 1988), which ensures that our line of 
sight is not close to the axis of their radio jet, thus the X- 
rays we observe are not contaminated by beamed emission 
from the jet itself. The goal of the observations was to in- 
vestigate the properties of intermediate-luminosity QSRs 
and to check whether the systematic differences between 
Seyfert galaxies and BLRGs extend to higher luminosity 
objects. In this respect, 4C 74.26 is a particularly interest- 
ing object because its ASCA X-ray spectrum (Brinkmann 
et al. 1998; Sambruna et al. 1999) showed features that are 
hallmarks of Seyfert galaxies but not BLRGs: a "warm" 
absorber with a column density of 3.5 x 10 21 cm -2 and a 
significant Compton "reflection" hump. It was also the 
only QSR in the collection of Sambruna et al. (1999) with 
a detectable Fe Ka line. 

In §2 we describe the observations and basic data anal- 
ysis while in §3 we present the results of fitting models to 
the spectra. In §4 we discuss our results and we present 
our final conclusions. Throughout this paper we adopt a 
Hubble constant of H — 50 km s _1 Mpc -1 and a decel- 
eration parameter of go = 0.5. 

2. OBSERVATIONS, DATA SCREENING, AND TIMING 
ANALYSIS 

ASCA observations of PKS 2349-01 and 3C 323.1 were 
carried out in 1999 December and 2000 February, respec- 
tively. Table 1 reports the observation log. The SIS detec- 
tors were operated in 1-CCD FAINT mode half of the time 
and in 1-CCD BRIGHT mode for the remaining portion, 
while the GIS detectors were operated in PH mode. The 
data were screened within FTODLS/XSELECT v . 4 . 2 (Black- 
burn, Greene, & Pence 1994; Ingham 1994) following the 
procedures described in Eracleous & Halpern (1998) and 
Eracleous et al. (1996). The final net exposure times are 
included in Table 1. After screening, we extracted spec- 
tra and light curves for each of the ASCA detectors. The 
FAINT mode data were converted into BRIGHT2 mode and 
combined to the BRIGHT mode data, to take advantage of 



the full exposure time and maximize the signal-to-noise 
ratio (S/N). 

4C 74.26 was observed in 1999 May (Table 1) by 
the BeppoSAX narrow field instruments: the Low- and 
Medium-Energy Concentrator Spectrometers, and the 
Phoswich Detector System (hereafter LECS, MECS, and 
PDS, respectively). The data from two of the three MECS 
units were merged to increase the S/N. The exposure 
times resulting from the application of standard screening 
criteria to account for passage through the South- Atlantic 
Anomaly, Earth occultation, etc. (Fiore et al. 1999), are 
listed in Table 1. The source was detected in the PDS 
band up to energies of order 100 keV, with a count rate of 
0.52 ± 0.04 c s _1 (Table 1). No bright sources were found 
in the LECS and MECS fields of view, thus enhancing our 
confidence that the source detected by the PDS is indeed 
the target quasar. 

Figure 1 shows the ASCA and BeppoSAX light curves 
of the three targets. For PKS 2349-01 and 3C 323.1, 
we show the 2-10 keV light curves from the two ASCA 
GIS detectors combined, binned at 30-minute intervals. 
For 4C 74.26, we show the 2-10 keV light curve from 
the MECS instrument, binned at 30-minute intervals, as 
well as the 15-125 keV light curve from the PDS instru- 
ment, binned at 2-hour intervals. No systematic variabil- 
ity is evident in any of the light curves save for a brief, 
25% excursion in the case of PKS 2349-01. To search for 
short-time scale fluctuations we applied the excess variance 
test (Nandra et al. 1997a; Turner et al. 1999) to the light 
curves binned at both 256-second and 1800-second inter- 
vals. The excess variance measured from the 256-second 
light curves is (5.4±0.1) x 10~ 2 s"\ (5.5±0.3) x 10~ 2 s"\ 
and (4.2 ± 0.1) x 10~ 2 s" 1 for PKS 2349-01, 3C 323.1, 
and 4C 74.26, respectively. These values are higher than 
those of Seyfert galaxies of comparable luminosity (see, 
for example Leighly 1999; Turner et al. 1999) but they 
are similar to the values found for narrow-line Seyfert 1 
galaxies of comparable luminosity. The corresponding val- 
ues of the excess variance for the 1800-second light curves 
are (5.8 ± 0.1) x 10~ 2 s"\ (3.7 ± 0.1) x 10~ 2 s"\ and 
(1.8 ± 0.1) x 10~ 2 s- 1 for PKS 2349-01, 3C 323.1, and 
4C 74.26, respectively. The observed fluctuations are un- 
likely to be related to emission from the jets of these ob- 
jects because the radio morphology suggests that the the 
jets are oriented at large angles to the line of sight (An- 
tonucci 1985; Kellerman et al. 1994; Riley et al. 1988). 
This conclusion is also supported by the high-energy light 
curve of 4C 74.26, which is rather steady over the course 
of the observation, in marked contrast to the light curves 
of blazars. 

3. MODEL FITS TO THE SPECTRA 

Models were fitted to the ASCA and BeppoSAX spec- 
tra using XSPEC v.11.0.1 (Arnaud 1996), in the energy 
ranges where the calibration is well established and the 
background is low (see Table 1). The spectra were re- 
binned such that each new bin contained at least 20 counts 
in order to validate the use of the x 2 statistic. We used 
the most current versions of the response matrices and 
effective area curves (September 1, 1997 files for the Bep- 
poSAX instruments; February 3, 1995 response matrices 
for the ASCA GIS, and all other ASCA calibration files 
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generated specifically for our observations). 

To check the self-consistency of the spectra obtained by 
different ASCA detectors, we first fitted the individual SIS 
and GIS spectra. We then fitted the same model to the 
spectra from all detectors simultaneously. To take account 
of any uncalibrated differences between the effective areas 
of the different instruments, we allowed the normalization 
of the corresponding spectra to vary freely. An analogous 
procedure was adopted for the spectra from the BeppoSAX 
detectors, as we discuss further below. As with the ASCA 
spectra, the normalization constants of spectra from dif- 
ferent instruments were also allowed to vary, but the PDS 
normalization was constrained to be between 0.77 and 0.83 
of the MECS normalization. The best-fitting value for the 
PDS/MECS ratio was found to be 0.83±° 06 . The best- 
fitting LECS/MECS ratio, which was left free to vary, was 
0.70±0.02. 

The goals of the spectral analysis are to determine the 
model that best describes the continuum, including pos- 
sible excess absorption at low energies and the Compton 
hump at E £ 10 keV, and check for the presence of the 
Fe Ka emission line. To determine the best-fitting con- 
tinuum models, we adopted the following procedure. At 
first, the spectra were fitted by excluding the rest energy 
range 5-7 keV, where the Fe Ka line contributes most. 
Once the best-fitting continuum model was found, the 5- 
7 keV range was added back to the spectra and a Gaussian 
line was added to the model. This procedure ensures the 
continuum and the emission line remain unaffected by one 
another in the fitting process, an especially important con- 
cern if the line is broad (e.g., Nandra et al. 1997b). 

While we investigated the presence of excess absorption 
at low energies in the three targets, a detailed analysis 
was possible only in the case of 4C 74.26, as the LECS 
sensitivity extends to lower energies than the SIS and the 
spectral calibration is more certain. For each ASCA detec- 
tor we only use data in the energy range given in Table I in 
order to bypass calibration problems associated with the 
SIS efficiency loss at low energies (Yaqoob et al. 2000). Ex- 
cluding the lowest-energy bins in the SIS spectra results 
in larger uncertainties in the determination of the absorb- 
ing column, however the column densities turn out to be 
high enough in both ASCA targets that they can be de- 
termined fairly well even by the GIS detectors. The pres- 
ence of a Compton "reflection" hump can be determined 
with confidence only in the BeppoSAX data because of the 
higher-energy sensitivity of the PDS compared to the SIS 
and GIS detectors. 

3.1. The Continuum 

The best-fitting model for the ASCA spectra of 
PKS 2349-01 and 3C 323.1 is an absorbed power law 
with column density in excess of the Galactic value plus a 
Gaussian emission line. The best-fitting models, parame- 
ters, and corresponding error bars (at 90% confidence for 
two parameters of interest) are summarized in Table 2, 
while the spectra are shown in Figure 2 with models su- 
perposed. All the models include an absorption compo- 
nent, fixed to the Galactic column density, and a second 
absorption component (due to neutral gas) at the source's 
redshift with the column density left free to vary in the 

2 The constraints on the inclination angle of the jet derive from ratios 



fit. The implicit assumption of this procedure is that any 
excess absorption is at the source's rest-frame. The simple 
power-law model also provides a good description of the 
LECS+MECS [E < 10 keV) spectrum of 4C 74.26 but it 
leaves large residuals at high energies, in the portion of the 
spectrum sampled by the PDS, as shown in Figure 2c. 

It is noteworthy that the absorbing column detected 
in the spectrum of 4C 74.26 is rather high, namely 3 x 
10 21 cm~ 2 , a few times higher than what is measured for 
the other two objects. Analysis of the ASCA spectrum of 
this object by Brinkmann et al. (1998) suggested the pres- 
ence of an intrinsic, ionized absorber ("warm" absorber). 
That result, however, was not confirmed in the indepen- 
dent analysis of the same data by Sambruna et al. (1999). 
To investigate this question further we fitted the LECS 
spectrum with two different models representing an ionized 
absorber: (a) a single power law with Galactic and intrin- 
sic absorption, plus a rcdshiftcd absorption edge, and (b) 
an ionized absorber model according to Done et al. (1992, 
implemented by the XSPEC routine absori). In neither 
case did we find a significant improvement of the fit: the 
total value of \ 2 decreases because of the additional free 
parameters of these more sophisticated absorption mod- 
els, but the improvement is significant only at the 50-65% 
level (according to the F-test). Our conclusion, therefore, 
is that although a warm absorber provides an acceptable 
fit, it is not required by the data. 

The high-energy residuals in the simple power-law fit 
to the spectrum 4C 74.26 indicate the presence of an 
additional continuum component emerging at energies 
£ 10 keV. The following two possibilities were considered 
in detail: 

1. The high-energy excess flux is due to Compton 
"reflection" of the primary continuum by neutral, 
dense matter in the immediate vicinity of the X- 
ray source (Lightman & White 1988; Guilbert & 
Rees 1988). Thus, we fitted the BeppoSAX spec- 
trum with a Compton "reflection" model (pexrav 
within XSPEC Magdziarz & Zdziarski 1995). This 
model has several additional free parameters, which 
include the inclination angle, i, of the reprocessing 
slab relative to the line of sight, the solid angle, f2, 
that the slab subtends to the primary X-ray source, 
and the upper cut-off energy of the primary power- 
law spectrum. In the particular case of 4C 74.26 
we can use the radio properties to constrain the 
inclination angle of the radio jet (hence the inclina- 
tion angle of the disk) . The brightness contrast be- 
tween the small-scale jet and counter-jet (observed 
by VLBI), if ascribed to relativistic beaming, yields 
an upper limit to the jet inclination angle of i < 49° 
(Pearson et al. 1992). Requiring that the size of the 
large-scale radio source does not exceed the size of 
giant radio sources observed in radio galaxies can 
yield a lower limit on the inclination. Such giant 
radio source sizes typically range up to 2.0-2.5 Mpc 
(e.g., Palma et al. 2000; Lara et al. 2001). Assuming 
that the radio source in 4C 74.26 is not exception- 
ally large and adopting 2 Mpc as an upper limit to 
its true size, we obtain i > 37°. Thus we can ex- 
press the inclination angle as i = 43 ± 6 degrees. 2 

of fluxes or lengths; thus they do not depend on Hq. 
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In Table 2 we give the best fitting model parame- 
ters for the case where the inclination angle of the 
axis of the reprocessing slab was held fixed to the 
value inferred from the radio morphology. In Fig- 
ure 4 we show how the inferred reprocessor solid 
angle depends on the value of the inclination by 
plotting the 68, 90, and 99% confidence contours 
in the cos? — f2/27r plane. For inclination angles 
between 37° and 49°, which represent the range in- 
ferred from the radio properties, the solid angle is 
consistent with 27r. The fit with the Compton "re- 
flection" model is an improvement over the single 
power law at the 98.7% confidence level, according 
to the F-test. 

2. The excess flux could indicate a contribution from 
the base of the jet. This was modeled by adding a 
second power law to the continuum, which did not 
yield a significantly different description, however, 
leading us to disfavor this option. More specifically, 
the spectral indices of the two power-law compo- 
nents converge to values that are indistinguishable 
from each other and the total \ 2 value is higher 
than the Compton "reflection" model, which has 
more free parameters. Moreover, emission from a 
jet is disfavored by the radio properties of this ob- 
ject (mainly the morphology), which suggest that 
the jet is oriented at a large angle to the line of 
sight (i > 37°). 

Although the ASCA bandpass is not well-suited to the 
detection of the Compton "reflection" continuum, we nev- 
ertheless searched for it in the spectra of PKS 2349 01 
and 3C 323.1. The main reason for embarking on this ex- 
ercise is that the adopted continuum model could have an 
influence on the measured properties of the Fe Ka lines, 
which we study in the next section (see the discussion in 
the context of 4C 74.26 in §3.3). In the case of 3C 323.1 we 
find no evidence for a Compton "reflection" continuum. In 
fact, a Compton "reflection" model converges to a model 
with negligible "reflection," which is in effect the original 
simple power-law model. In the case of PKS 2349-01 the 
Compton "reflection" model results in a slightly lower % 2 
value than the simple power-law model, but this appar- 
ent improvement is not significant (the F-test gives a 66% 
probability of improvement by chance). But the two con- 
tinuum models yield significantly different properties for 
the Fc Ka line, as we describe below. This effect has been 
known for some time, and has been discussed by a num- 
ber of authors, including most recently Zdziarski & Grandi 
(2001). 

3.2. The Fe Ka Emission Line 

To search for the presence of an Fe Ka emission line, 
which is a ubiquitous feature of the X-ray spectra of 
Scyfcrt galaxies, we modeled its profile with a Gaussian. 
We fitted the continuum as described above and fixed the 
continuum parameters before adding the Gaussian line 
profile to the model. To evaluate whether the line is 
unambiguously detected and resolved we searched the 2- 
dimensional parameter space defined by the line photon 
flux and the energy dispersion of the Gaussian profile. The 
results of this search are shown in Figure 5 in the form 



of confidence contours in the line EW vs FWHM plane 
(the EW and FWHM are directly proportional to the line 
photon flux and Gaussian energy dispersion, respectively). 
These results are also summarized in Table 3. 

In the case of 4C 74.26 the line is clearly detected with 
a rest EW of 170±^ eV. The energy of the Fe Ka emis- 
sion line encompasses the range 6.4 to 6.9 keV within 90% 
confidence. Thus, we confirm the detection of the line 
in 4C 74.26 with ASCA, as reported by Brinkmann et al. 
(1998) and Sambruna et al. (1999). In the case of 3C 323.1 
the line is only marginally detected, i.e., its EW is non-zero 
at 90% confidence but consistent with zero at 99% confi- 
dence (for an assumed energy of 6.4 keV). The best-fitting 
FWHM is about 5 x 10 4 km s~ , which is comparable with 
what is found in Seyfert galaxies by Nandra et al. (1997b). 

In the case of PKS 2349-01, the measured properties of 
the Fe Ka line depend sensitively on the continuum model. 
If we adopt a simple power-law model, the line is unam- 
biguously detected at the 99% confidence level with a rest 
EW of 230 ± 120 eV and a FWHM of 6±^ x 10 4 km s" 1 . 
If, however, we adopt a model consisting of a power-law 
plus Compton "reflection," fixing the solid angle of the re- 
processor to ft — 2-7T, the line is about a factor of 2 weaker 
(see Table 3). If we fix the solid angle of the reprocessor 
to = 47T , its maximum physically reasonable value, the 
line is only marginally detected (at the 68% confidence 
level) . The upper limit to its rest EW is 200 eV, assuming 
a FWHM of 5 x 10 4 km s~ . This ambiguity cannot be 
resolved with the data at hand. In order to measure the 
properties of the Fe Ka lines with confidence, we need ei- 
ther a 2-10 keV spectrum of much higher S/N or a spec- 
trum of comparable S/N extending to at least 30 keV, 
which can yield meaningful constraints on the properties 
of the Compton "reflection" component. Finally, we also 
note that the observed EWs of the Fe Ka lines and the 
strength of the Compton "reflection" components are con- 
sistent with each other, albeit within the large uncertain- 
ties, as one would expect in the context of reprocessing 
models such as those of George & Fabian (1991). Such 
models attribute the origin of both the Fe Ka line and the 
Compton "reflection" component to the same reprocessing 
medium and require that their strengths are related. 

3.3. Comparison With Previous Observations of 
4C 74.26 by ASCA 

Our preferred model for 4C 74.26 consists of a power- 
law continuum modified by Compton "reflection" at high 
energies and by absorption at low energies. The line en- 
ergy obtained from the model could not be tightly con- 
trained, falling between 6.4 and 6.9 keV at a 90% confi- 
dence level. Within uncertainties, our results are largely 
consistent with the results of Brinkmann et al. (1998), who 
considered our preferred model among others. However, 
there is a systematic discrepancy between the properties 
of the Fe Ka line, which we attribute to the continuum 
fit used by Brinkmann et al. (1998). More specifically we 
find that the line is several times broader and about 70% 
stronger than what Brinkmann et al. (1998) found. Com- 
paring the parameters describing the continuum, we see 
that the Compton "reflection" component in the ASCA 
spectrum of Brinkmann et al. is poorly constrained and 
has an extremely high value that implies the reprocessor 
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subtends an area larger than 3 times the area of the sky. 
Although this could be interpreted as an indication that 
the primary X-ray source does not emit isotropically, it is 
also possible that the strength of the Compton "reflection" 
component was overestimated. 

Such poor constraints on the Compton "reflection" com- 
ponent arc not surprising, since the ASCA sensitivity 
drops dramatically at E > 8 keV, making it practically 
impossible to measure this component. Thus, the contin- 
uum around the Fe Ka line is elevated, taking away the 
broad wings of the line and reducing its overall strength. 
In contrast, in our BeppoSAX spectrum we are able to 
determine the shape of the high-energy continuum unam- 
biguously with the help of the PDS. We find a considerably 
weaker Compton "reflection" strength than Brinkmann 
et al. (1998) and a correspondingly broader and stronger 
Fe Ka line. 

In view of the strength of the Compton "reflection" com- 
ponent measured from the BeppoSAX spectrum, we re- 
analyzed the the ASCA spectra to check for consistency. 
We extracted and fitted the spectra with the same method- 
ology described in §2 and §3, keeping the Compton "re- 
flection" component fixed to a strength corresponding to 
SI = 2ir, as measured from the BeppoSAX spectrum. We 
measured the EW of the Fe Ka line for fixed rest ener- 
gies of 6.4 and 6.7 keV. We found that the measurements 
from the ASCA spectra are consistent with those from the 
BeppoSAX spectrum. In particular, we measure a spec- 
tral index of 1.87to.o7> whilc the Fe Ka rest EW is poorly 
constrained and lies in the range 130-700 eV, as listed in 
Table 3. 

4. SUMMARY AND DISCUSSION 

We have presented new BeppoSAX and ASCA observa- 
tions of three luminous (£2-10 koV ~ 10 45 erg s _1 ) radio- 
loud AGN, as part of our ongoing systematic study of the 
X-ray properties of such objects. We find that in all three 
cases the main underlying continuum can be described as 
a power law with photon index T « 1.85, plus excess ab- 
sorption. In two sources (PKS 2349-01 and 4C 74.26) the 
Fe Ka emission line is detected with rest-frame EW ~ 
200 eV but with large uncertainties, of a factor of 2; in 
4C 74.26 the line is unresolved while in PKS 2349-01 the 
line properties depend on the model adopted for the con- 
tinuum. In 4C 74.26, a strong (f2 « 2tt) Compton "reflec- 
tion" component is also detected with the PDS instrument 
on BeppoSAX. In PKS 2349-01, on the other hand, the 
data allow the presence of a Compton "reflection" com- 
ponent but cannot provide meaningful constraints on its 
strength. This is unfortunate because the strength of this 
component affects the inferred properties of the Fe Ka line 
dramatically, as we explained in detail in §3.2. 

The average photon index for the three sources studied 
here is (r) = 1.86 with a small dispersion of a r = 0.01. 
The average slope of the X-ray continuum is consistent 
with the average photon index previously measured with 
ASCA for a small sample of 7 QSRs of comparable lumi- 
nosity, which had (r) = 1.80 and a r = 0.15 (Sambruna 
et al. 1999). This is also consistent with the average slope 
for a sample of radio-quiet quasars from ASCA measure- 
ments, (r) = 1.86 and dispersion a r = 0.20 (see Table 5 
of Sambruna et al. 1999). The similarity of slopes for the 



radio-loud and radio-quiet sources confirms that no con- 
tribution from the beamed emission of an unresolved jet 
is present in the radio-loud QSRs of our study (as ex- 
pected based on their radio morphology, see above). It 
also suggests a similar continuum emission process in the 
two classes of AGN. This result will need to be confirmed 
using larger samples of both radio-loud and radio-quiet 
sources. Moreover, a wider spectral coverage will also be 
needed in order to constrain the strength of the Comp- 
ton "reflection" hump and disentangle its effects from the 
slope of the intrinsic continuum. 

Another result of this paper is the excess absorption 
found in all three objects. In 4C 74.26, where the observed 
spectra extend to low energies, we have searched for the 
signature of a warm absorber, but have not found conclu- 
sive evidence for it, nor were we able to rule it out. There 
are two possible origins for the excess absorption. The first 
is local excess absorption in the Galaxy. As 4C 74.26 lies 
at relatively low latitudes (6 = 19°5), it is conceivable that 
the extra absorption is associated with a Galactic molecu- 
lar cloud. Alternatively, the absorber could be intrinsic to 
the source. In PKS 2349-01 and 3C 323.1, the absorber 
is most likely intrinsic to the source because of their high 
Galactic latitudes. This is in agreement with earlier find- 
ings (Sambruna et al. 1999) that excess neutral absorption 
is common in radio-loud AGN and the absorbing column 
does not appear to be correlated with the X-ray luminosity 
of the source (these three objects fall in the general area 
occupied by radio-loud AGNs in the ATh vs Lx plot shown 
in Figure 6 of Sambruna et al. 1999). 

We have also detected an Fe Ka emission line in two 
(possibly three) sources of our sample. In order to com- 
pare the strengths of these lines with what is found in other 
radio-loud and radio-quiet AGNs we plotted the rest EWs 
against the 2-10 keV luminosity in Figure 6. This is an up- 
date of the figure presented in Sambruna et al. (1999) and 
Eracleous et al. (2000). The data points represent radio- 
loud AGNs (Sambruna et al. 1999; Eracleous et al. 2000; 
Eracleous 2002, and this paper). The shaded area repre- 
sents the "X-ray Baldwin effect" for radio-quiet Seyferts 
and QSOs and its 90% dispersion (Nandra et al. 1997c). 
While at Lx < 5 x 10 44 erg s _1 radio- loud AGNs have sys- 
tematically lower Fe Ka EWs than radio-quiet AGNs of 
comparable luminosity, the situation at higher luminosi- 
ties is quite unclear because of the large uncertainties in 
the measured EWs. There are two possible ways of view- 
ing Figure 6: either (a) radio-loud AGNs follow their own 
"X-ray Baldwin effect," which is systematically offset from 
that of radio-quiet AGNs, or (b) radio-loud AGNs do not 
show a Baldwin effect at all. Unfortunately, the large un- 
certainties in the measured EWs, especially at high lumi- 
nosities, do not allow us to distinguish between these two 
possibilities. Better measurements of the Fe Ka EWs of 
luminous radio-loud AGNs (Lx > 10 45 erg s _1 ) are sorely 
needed. 

The X-ray Baldwin effect for radio-quiet AGN was in- 
terpreted by Nandra et al. (1997c) as the result of a pro- 
gressive ionization of the inner accretion disk as the X-ray 
luminosity increases. We speculate that the lack of a simi- 
lar trend for radio-loud AGN indicates that the ionization 
structure of the disk of radio-loud AGNs does not change 
significantly as the X-ray luminosity increases. This could 
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happen, for example, in a scenario where the dense, opti- 
cally thick matter in the disk is photoionized by external 
illumination with a hard spectrum of low ionization pa- 
rameter. If the ionization parameter in the Fc Ka emitting 
region is extremely low, changes in the ionizing luminos- 
ity even by an order of magnitude are accompanied by a 
proportional increase in the line luminosity. This would 
be the case if the central accretion disk is an ADAF (or 
similar structure) which has a low radiative efficiency and 
produces an X-ray luminosity that is disproportionately 
low compared to the accretion rate and a relatively hard 
spectrum. Ionization of the geometrically thin disk exte- 
rior to the ADAF by hard X-rays from the ADAF itself 
would thus produce the desired effect. 

The above picture is supported by a number of other 
observational results, namely the systematically lower Fe 
Ka EWs and FWHMs and weaker Compton "reflection" 
humps of radio-loud AGNs compared to their radio-quiet 
counterparts (see Wozniak ct al. 1998; Eracleous et al. 
2000; Grandi 2002). Both of these differences can be un- 
derstood in the context of a scenario in which the inner 
accretion disk is an ADAF rather than a geometrically thin 
and optically thick flow. The difference in Fe Ka EWs and 
Compton "reflection" strengths is then a geometrical ef- 



fect resulting from the small solid angle subtended by the 
outer disk to the primary X-ray source (Chen & Halpern 
1989; Zdziarski, Lubihski, & Smith 1999). The difference 
in Fe Ka FWHM follows simply from Kepler's law. 

To make further progress on this problem, more and 
better hard X-ray spectra of radio-loud AGN are needed, 
especially at high luminosity. The ideal instrument for this 
job is XMM-Newton. These spectra will serve to test the 
X-ray Baldwin effect for this class of objects. An indepen- 
dent test of the above hypothesis will be afforded by the 
profiles of the Fe Ka lines, which would be expected to be 
significantly different in width and asymmetry from those 
of Seyfert galaxies. 
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Table 1 



Target Properties and Observation Details 





Galactic 




Energy 


Expos. 


Count 


Start Date 








Band 


Time 


Rate 


and Time 


z 


(cm -2 ) 


Instrument 


(keV) 


(ks) 


(s-i) 


(UT) 










PKS 2349- 


01 






0.174 


3.26 x 10 20 


ASCA GIS2 


0.95-10 


71.47 


0.149±0.002 


1999/12/24 






GIS3 


0.95-10 


71.45 


0.188±0.002 


05:24 






SISO 


0.85-8 


62.36 


0.272±0.002 








SIS1 


1.35-8 


62.30 


0.220±0.002 




3C 323.1 


0.264 


2.32 x 10 20 


ASCA GIS2 


0.95-10 


41.84 


0.125±0.002 


2000/02/08 






GIS3 


0.95-10 


41.86 


0.152±0.002 


00:35 






SISO 


0.85-8 


37.37 


0.222±0.003 








SIS1 


1.35-8 


37.46 


0.184±0.003 




4C 74.16 


0.104 


1.19 x 10 21 


SAX LECS 


0.40-4 


44.50 


0.161±0.002 


1999/05/17 






MECS 


1.65-10.5 


100.28 


0.308±0.002 


02:53 






PDS 


15-125 


100.00 


0.52±0.04 
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Table 2 

Best-Fitting Continuum Models and Parameters 

Observed Flux b Luminosity 13 
Best-Fitting Models (1(T 12 erg s' 1 cm' 2 ) (10 45 erg s- 1 ) % 2 

and Parameters' 1 0.5-2 keV 2-10 keV 0.5-2 keV 2-10 keV (d.o.f.) 



PKS 2349-01 



Absorbed power law 
Nft°- = (9 ± 5) x 10 20 cnr 2 
T = 1.87±0.04 


3.3 6.8 


0.47 


0.97 


1.05 

(250) 


3C 323.1 


Absorbed power law 
iV H xc - = (6 ± 5) x 10 20 cm- 2 
r = 1.86 t°;° 2 


3.2 5.5 


1.09 


1.87 


1.12 

(278) 


4C 74.26 


Absorbed power law 15.1 14.1 
plus Compton reflection 
N™ c - = (3.0 ± 0.3) x 10 21 cm- 2 

r = i.85±±8:85 

Reprocessor Solid Angle, n/2ir = 1.2±°;| 
Reprocessor Inclination Anglc^ i= 43° 
Power-Law Folding Energy > 140 keV 


0.74 


0.69 


1.07 

(105) 



a All error bars correspond to 90% confidence limits. The quoted absorbing column is in 
excess of the Galactic column and is assumed to be due to neutral gas at the redshift of the 
source. 

b The observed flux is not corrected for absorption, while the luminosity is corrected for 
absorption. All bandapasses refer to the observer's frame. 

c The inclination angle of the disk was inferred from the radio morphology and held fixed 
for the purpose of estimating the error bars given here. Its effect on the measured value of 
f2/27T is explored separately in Figure 4. 



Table 3 

Gaussian Model Parameters for Fe Ka Emission Lines' 1 



Telescope 


Rest Energy 
(keV) 


FWHM 
(10 4 km s" 


Rest EW 

*) (CV) 


Continuum Model 




PKS 2349-01 


ASCA 
ASCA 
ASCA 


D.Z_ 2 

fi 2 +0 - 3 

°- z -0.2 

fi 2 +0 - 3 

D - Z -0.2 


fi +6 
°-3 

4 (< 15) 
unconstr. 


230 ± 120 
90± 9 7 ° 
< 200 b 


simple power law 
power law + "reflection" 
power law + "reflection" 


(ft = 2tt) 
(ft = 4tt) 


3C 323.1 


ASCA 


6.4 (fixed) 


< 13 c 


nn+90 c 
yu -80 


simple power law 




4C 74.26 


BeppoSAX 
ASCA d 
ASCA de 


°-'-0.4 

6.4 (fixed) 
6.7 (fixed) 


5 (< 15) 
60^o 

80±ig° 


1 7n+ 180 

1 ' u -100 

250±«S 
2901S8 


power law + "reflection" 
power law + "reflection" 
power law + "reflection" 


(Table 1) 
(ft = 2tt) 
(ft = 2tt) 



a All error bars and upper limits correspond to the 90% confidence intervals, unless otherwise 
noted. 

b The upper limit to the rest EW in the latter case corresponds to a FWHM of 5 x 10 4 km s _1 . 

c In the case of 3C 323.1 a line is detected only at 90% confidence and only when we fix the rest 
energy at 6.4 keV. The FWHM is unconstrained at 90% confidence; the quoted limit corresponds 
to the 68% confidence interval. The quoted value of the EW is based on the assumption that 
FWHM = 5 x 10 4 km s" 1 . 

d From the re-analysis of the data already published by Brinkmann et al. (1998) and Sambruna 
et al. (1999). See §3.3 for details. 

c The line properties are unconstrained at 90% confidence. The error bars given here correspond 
to 68% confidence. 
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PKS 2349-01 ASCA GIS2 + 3 (2-10 keV) 



o 6 



0J o 





o 

o 



20 40 

Time Since MJD 51536.2296199 (hours) 



3 



3 


o 



3C 323.1 ASCA GIS2 + 3 (2-10 keV) 



20 40 60 

Time Since MJD 51582.0483685 (hours) 



T 



a 



u 



4C 74.26 BeppoSAX MECS (2-10 keV) 



10 20 30 40 

Time Since MJD 51315.1201620 (hours) 



4C 74.26 BeppoSAX PDS (15-125 keV) 



T 

m o 



P. 

o 
o 



10 20 30 40 

Time Since MJD 51315.1207447 (hours) 



Fig. 1. — Light curves of the three quasars. The light curves of PKS 2349—01 and 3C 323.1 show the average 2—10 keV count rate from the 
two GIS instruments. In the case of 4C 74.26 we show a separate light curve from two of the BeppoSAX instruments: 2-10 keV (MECS) and 
15-125 keV (PDS). 
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(a) PKS 2349-01 

ASCA 




(b) 3C 323.1 

ASCA 




Energy (keV) 



Energy (keV) 



o o 



=1 

T3 



CD C\2 



(c) 4C 74.26 




simple power law 




1 10 

Energy (keV) 



100 



(d) 4C 74.26 




CD W 



10 

Energy (keV) 



100 



Fig. 2. — Spectra of the three quasars with models superposed. In panels (a) and (b) we show fits to the ASCA spectra of PKS 2349-01 
and 3C 323.1 with a model consisting of an absorbed power law plus a Gaussian emission line. In panel (c) we show a simple power-law fit 
to the BeppoSAX spectrum of 4C 74.26, which leaves large residuals, especially at high energies. Panel (d) shows the BeppoSAX spectrum of 
4C 74.26 with a model consisting of an absorbed power law plus Compton "reflection" and a Gaussian Fe Kq line which yields a considerably 
better fit than the simple power-law model. 
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02 

X ^ 
0) 
T3 

PI 
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O 
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3C 323.1 
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90% conf. contours 



4C 74.26 



PKS 2349-01 




0.1 0.2 

Excess N H (10 22 cm -2 ) 



0.3 



0.4 



Fig. 3. — Contours showing the 90% confidence intervals in the excess absorption vs photon index parameter plane. The excess absorbing 
column is in addition to the Galactic column listed in Table 1. The contours for PKS 2349-0f and 3C 323.1 were derived by fitting the spectra 
from all ASCA instruments simultaneously, while the contours for 4C 74.26 were derived by fitting the BeppoSAX LECS and MECS spectra 
simultaneously. 
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4C 74.26 

Compton reflection model 
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1.5 
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Fig. 4. — Contours showing the 68, 90, and 99% confidence intervals in the inclination angle vs solid angle parameter plane for the Compton 
"reflection" model applied to 4C 74.26. The primary power-law index and absorbing column density were allowed to vary during the fit but 
the upper cut-off energy of the primary spectrum was held fixed at 140 keV. The horizontal dotted lines show the range of inclination angles 
allowed by the radio properties (see the discussion in §3.1 of the text). 
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5x10* 



10° 



1.5x10° 




5x10 



1.5xlO J 



Line FWHM (km s 



Line FWHM (km s 



Fig. 5. — Contours showing the 68, 90, and 99% confidence intervals in the rest EW vs FWHM plane for the Gaussian emission-line model 
applied to the three quasars. The confidence intervals were obtained after fixing the parameters describing the continuum (see §3.1 of the text 
for details). The two panels for PKS 2349-01 refer to different continuum models: a simple power-law and a Compton "reflection" model. 
The panel for 3C 323.1 refers to s simple power-law model, while the panel for 4C 74.26 refers to a Compton "reflection" model. Additional 
details are given in the text. 
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Fig. 6. — Comparison of the trends between the Fe Kq rest EW and 2-10 keV luminosity in radio-quiet and radio-loud AGNs. The grey 
band shows the region of this diagram occupied by the sample of Nandra et al. (1997c), which consists primarily of radio-quiet AGNs at 
Lx < 10 45 erg s _1 . The data points represent radio-loud AGNs from this paper and earlier papers in our program, as follows: Arp 102B 
(upper limit at L x = 3 X 10 43 erg s _1 ; from Eraclcous 2002), 3C 445 and 3C 390.3 (EW » 140 and 200 eV; from Sambruna et al. 1999), 
Pictor A, 3C 120, 3C 382, 3C 111 (EW £ 100 cV and 10 44 erg s" 1 < L x < 10 45 erg s" 1 ; from Eraclcous et al. 2000), 3C 249.1, 3C 109, 
3C 254 (upper limits at 4 X 10 44 erg s" 1 < L x < 2 X 10 45 erg s" 1 ; from Sambruna et al. 1999), 4C 74.26, PKS 2349-01, and 3C 323.1 (large 
error bars at Lx > 7 X 10 44 erg s -1 ; from this paper). At Lx < 5 X 10 44 erg s _1 the radio-loud AGNs fall systematically below the trend 
defined by the radio-quiet AGNs, while at higher luminsoities the situtation is unclear. 



